Ion cyclotron range of frequency (ICRF) heating has been used in tokamaks as one of the most successful auxiliary heating tools and has been adopted in the EAST. However, the antenna load will fluctuate with the change of plasma parameters in the ICRF heating process. To ensure the steady operation of the ICRF heating system in the EAST, fast ferrite tuner (FFT) has been carried out to achieve real-time impedance matching. For the requirements of the FFT impedance matching system, the magnet system of the ferrite tuner (FT) was designed by numerical simulations and experimental analysis, where the biasing magnetic circuit and alternating magnetic circuit were the key researched parts of the ferrite magnet. The integral design goal of the FT magnetic circuit is that DC bias magnetic field is 2000 Gs and alternating magnetic field is ±400 Gs. In the FTT, E-type magnetic circuit was adopted. Ferrite material is NdFeB with a thickness of 30 mm by setting the working point of NdFeB, and the ampere turn of excitation coil is 25 through the theoretical calculation and simulation analysis. The coil inductance to generate alternating magnetic field is about 7 mH. Eddy-current effect has been analyzed, while the magnetic field distribution has been measured by a Hall probe in the medium plane of the biasing magnet. Finally, the test results show the good performance of the biasing magnet satisfying the design and operating requirements of the FFT.
Introduction
Ion cyclotron range of frequency (ICRF) heating has been employed in tokamaks as one of the most successful auxiliary heating tools [1] [2] [3] [4] [5] and has been adopted in the EAST, which is a fully superconducting tokamak with an elongated crosssection and has been operated. The essence of ICRF is that the ion cyclotron wave injected from the exterior interacts with plasma to heat the plasma. It has been successfully used as an auxiliary heating device in the EAST, and achieved the obvious heating performance in the experiment. Therefore, it will also be carried out on ITER as a principal ion heating method [6] [7] [8] [9] [10] [11] .
In the ICRF system, mainly composed of a transmitter, a transmission system and an antenna, lots of research of the transmission and antenna system has been done on Tokamak devices in the world [12] [13] [14] [15] . To the EAST-ICRF system, the fast ferrite tuner (FFT) has been adopted as the real-time impedance matching technology. FFT has the advantage that its adjustment speed to tune electric length difference is very fast, so that it can be employed to trace the load change.
The essential structure of the FFT is a coaxial transmission line, which is full of ferromagnetic materials generating a bias magnetic field. The permeability of ferromagnetic materials changes with bias magnetic field [16] . Then, the FFT equivalent electrical length can be adjusted through controlling the bias magnetic field. Consequently, to achieve the fast and stable change of bias magnetic field is the key to the FFT, which can quickly respond to the load changes.
The ferrite tuner (FT) mainly includes a yoke, biasing magnet, bias magnetic field coil, and a strip-line partly filled by ferrite materials, as shown in figure 1 . The basic working principle of the FT is that the ferrite material works under different magnetic field intensities by adjusting the coil current. By means of changing the bias magnetic field, the magnetic permeability of the ferrite material has been changed. Finally, the equivalent electrical length of the whole device has been changed. Because the device operating frequency is 25-70 MHz and the peak power is 1.5 MW, the reasonable physical size, bias magnetic field design, and response time are the main difficulties for the FT development.
The response time is the most important parameter to the entire device, and marks the performance of the matching system following fast impedance changes. The requirement value of the response time is about 4 ms. According to the basic principle, the coil inductance and eddy current are important factors to influence the response time of the FT in the magnetic field. This paper describes the design and experimental result of the biasing magnet for the fast impedance matching.
Biasing magnet design
The biasing magnet design includes the magnetic circuit design, material selection, size calculation, and simulation optimization. Based on Kirchhoff's first and second law, the biasing magnetic circuit has been designed. It was mainly composed of a biasing magnet, soft magnet, assembling gap, and working gap. Suppose that the magnet was composed of m segments, the length of section i was L i and magnetic field intensity was H i . According to Kirchhoff's second law:
where, H i1 is the inner magnetic field intensity; H m is the magnetic field intensity within the biasing magnet; L m is the biasing magnet length; H Q is the magnetic field intensity at the air gap; L Q is the air-gap length of the magnetic circuit. In order to achieve better real-time impedance matching, the integral design goal of the FT magnetic circuit is that the DC bias magnetic field is 2000 Gs and alternating magnetic field is ±400 Gs. With the aim of designing an effective magnetic circuit, the two identical E-type cores were adopted referenced to the design schemes of the magnetic circuit [17] , so that the closed magnetic core was composed by relative openings of the core.
The two cores were relatively close together in order to form a closed magnetic circuit, as shown in figure 2(a) . There were exciting coils N around the center pillar to provide the magnetic potential F. Assuming that the magnetic flux leakage is ignored, the equivalent magnetic circuit was shown in figure 2(b) . Because the two side pillars were symmetrical, they could be merged into one circuit, and the simplified equivalent magnetic circuit was shown in figure 2(c) . There is a relationship between (b) and (c) that is R′2+R′3=1/2 (R2+2R3). If R′3=R3, then R′2=1/2 R2.
The magnetic potential F of the center pillar was followed: 
where, A 1 is the cross-sectional area of the center pillar; A 2 is the cross-sectional area of side pillar, A 3 is the end area; Φ is the magnetic flux though the center pillar; μ is permeability; R 1 is a left magnetic circuit reluctance; R 2 is a middle magnetic circuit reluctance; R 3 is a right magnetic circuit reluctance; l 1 is an average path of left circuit flux; l 2 is an average path of middle circuit flux; l 3 is an average path of right circuit flux.
The magnetic potential F can be calculated by putting the size detail into the last formula: to provide the magnetic intensity 2000 Gs, the magnetic potential of biasing magnet F is 2×10 4 A; and that of ±400 Gs, the excitation potential of variable magnet F is 3.8×10 3 A. On account of the diversity of biasing magnetic materials and the difference in performance, to choose the suitable biasing magnetic material with specific performance indexes was particularly important in the process of magnetic circuit design. There are two kinds of biasing magnetic material. One is the barium strontium ferrite material that has the advantage of small hysteresis losses, high initial permeability with high frequency, good thermal stability, and higher cut-off frequency, so that it is especially applied to high-frequency magnetic field. The other ferrite material is NdFeB, which has the advantage of high magnetic energy product, high coercive force, and high mechanical strength. However, there are still disadvantages with regard to high temperature coefficient and low usage temperature.
Because of the work environment at room temperature, at the same time, the heat was mainly produced by hysteresis loss of gyromagnetic materials from the inner conductor surface, which had already been cooled by water. Then, the high temperature coefficient of NdFeB did not affect its application in the FT. After comprehensive consideration of the FT application environment, as well as the cost budget, finally NdFeB was selected as the biasing magnetic material and its specific brand parameters are shown in table 1. In order to effectively control the cost, it is necessary to make full use of the biasing magnetic material during the design of the magnetic circuit. The working point of the biasing magnet has been designed near the best working point, namely using the smallest volume of biasing magnet to achieve the maximum magnetic energy in the air gap. As shown in figure 3 , when the working point is near the middle point of the recoil line, there is the maximum area of magnetic energy product. Under the condition of the same magnetic potential, the biasing magnet volume can be minimized.
The coordinates of K of the magnetic circuit working point whose expression is K=H p /B p , as shown in figure 3 , is an important parameter for magnetic circuit design. H p and B p are the coordinates of point P in the H-B coordinate system. According to the coordinates of K of the working point, it is convenient to choose a reasonable magnetic material. The reasonable structure of the magnetic circuit and the size of the magnetic circuit parts were designed by controlling the influence factors of coordinates of K.
As shown in figure 4 , there are many demagnetization curves under the different working temperatures. A straight line was chosen as the demagnetization curve of NdFeB for the FFT. When the current was up to 150 A for a long time, the heat produced by the coil ohmic losses cannot be ignored. In conclusion, the demagnetization curve corresponding to 6°C was adopted.
NdFeB was chosen to set the working point of the ferrite materials to 2000 G, as shown in figure 4. The magnetic field intensity H of 650 kA m −1 can be obtained directly from the demagnetization curve, while the magnetic potential F of the biasing magnet was 2×10 4 A, so the height h of NdFeB was required as:
h F H 2 10 650 30.8 mm 3
Considering the influence of the magnetic flux leakage phenomenon, the NdFeB material with thickness 30 mm was installed on the strip-line structure in the initial model, which could meet the design requirements. The magnetic circuit analysis can determine the magnetic circuit structure of the initial model. In order to more accurately identify the specific material and size of the magnetic circuit, simulating optimization has been carried out for the magnetic circuit.
Simulation for biasing magnetic circuit optimization
The design goal of the biasing magnetic circuit needs explicit magnetic flux. However, the traditional algorithm is no longer appropriate. In order to confirm the size parameter and excitation coil and provide the significant reference for the design scheme, the finite element method has been adopted to simulate the FT magnetic circuit [17] .
The 3D model of the FT magnetic circuit including the constant magnetic circuit with setting the working point and windings to provide a variable bias magnetic field is shown in figure 5 . It is composed of the NdFeB (green), magnetic yoke (gray), air gap, and excitation coil (red). The magnetic potential was provided by NdFeB, in such a way that the working point of the ferrite material filling in the strip-line was set at the saturation magnetization state.
The model shows that it is a typical E-type core magnetic circuit. The finite element simulation can not only calculate the thickness of NdFeB but analyze the uniformity of the magnetic field.
In order to suppress the eddy current, the high-frequency transformer design has been referenced by the core design. The working frequency of the FT is 25-70 MHz, and the structure was composed of an overlap silicon steel sheet. The eddy current was greatly abated by the many narrow gaps between the silicon steel sheets. Moreover, the eddy-current loss is only about 1/5-1/4 of the soft steel as a result of the much bigger resistivity of silicon steel sheet.
However, due to the different types of silicon steel sheet, the BH curves are different, which will inevitably produce different magnetic fields. Now, the simulation was carried out to analyze the different types of silicon steel sheet as a yoke material. As shown in figure 6 , when the DW540-50 is adopted, the maximum bias magnetic field intensity is obviously about 2165 Gs, and its thickness is 0.5 mm with insulation varnish on the surface. Therefore, the silicon steel sheet DW540-50 has been adopted as the yoke material.
First of all, the thickness of the NdFeB material is obtained by simulation to achieve the bias magnetic field 2000 Gs. In the process of simulation, the excitation coil of the current was set to 0 and the thickness of NdFeB was set to Figure 2 . Equivalent magnetic circuit of the E-type core. 30 mm. The simulation results of the magnetic field distributions are shown in figure 7 . The curves represent the magnetic induction intensity of the gyromagnetic material distancing from the short-circuit point of the strip-line at a certain position.
The simulation results show that most of the regional uniformity is better and both sides of the magnetic field obviously decline in the space distribution of the bias magnetic field. The bias magnetic field of the gyromagnetic materials is about 2150 Gs, which is about 7.5% higher than the expected value of 2000 Gs. Considering the practical engineering application, it is necessary to keep a certain margin of 200 Gs, which is convenient for revising during assembly. Meanwhile, most of the ferrite materials will also be installed at the middle region of the inner conductor. The simulation results can satisfy the design requirements setting the working point of the ferrite materials to the saturated state.
The radial distribution uniformity of the magnetic field is the uniformity of both sides of the magnet center along the magnetic field axle.
The radial distribution uniformity of the magnetic field is the uniformity distribution along the magnetic field axle. The uniformity formula is
where f(0) is the magnetic flux of the coil at the magnet center, f(z) is the magnetic flux of radial position z from the magnet center [18] .
For the E-type magnetic core, the six polar components of the radial magnetic field distribution are completely eliminated by the pole parallel cutting method. Irregularity of the radial distribution of the integral magnetic field can be reduced to ±2×10 −2 . The distribution of the horizontal and vertical integral field is shown in figure 8 . The good field region length of the magnet is 420 mm ranging from 110-520 mm in the integral direction. The width of the good field region is 125 mm ranging from 65-190 mm. Therefore, the results can meet the magnetic design requirements obviously. 
Alternating magnetic circuit design
According to the integral design goal of the FT magnetic field, the excitation potential of the variable magnetic field is 3800 A, which can achieve the maximum magnetic intensity of 400 Gs by calculating the magnetic circuit data.
The magnetic potential of the alternating magnetic field was decided by the coil current I and winding number N. The bipolar constant current source of 150 A was adopted as the power supply to the excitation coil. For the current of 150 A, the winding number N is calculated as follows:
Due to the large winding, if the structure as shown in figure 1 is adopted, considering the influence of the leakage flux, the winding is 25 turns at the up and down position separately.
In order to achieve the appropriate variable bias magnetic field, the ampere turns of the excitation coil were confirmed by simulation analysis. In a specific process, the current of the excitation coil was set as a scanning parameter. The result is shown in figure 9 . With the current changing in the coil, the magnetic field intensity of the gyromagnetic material will change. When the excitation potential of the variable magnetic field is 3500 A, the maximum variable bias magnetic field intensity can reach 400 Gs. Therefore, the excitation coil winding is as follows:
According to the design scheme, the excitation coil is composed by two coils, which were respectively installed on the upper and lower sides of the strip-line. In order to leave some margin for generating the magnetic field, the ampere turn of each coil is 25 turns, so that the variable bias magnetic field of 400 Gs will be guaranteed under the control of the maximum current source of 150 A, which is consistent with the theoretical calculation results of 25 turns.
In the external ferrite magnetic coil, the working state of the circuit has been in the instantaneous changing state. Working frequency is improved by the quantitative analysis of the coil inductance in the bias magnetic field. As shown in the design of ferrite, the magnetic core has been adopted with the bigger gap of the E-type magnetic core. When the flux passed through the end of the core, it also passed though the gap edge, sharp corners, and surface of the magnetic core side near gap. The external coil inductance, which results from the edge of the magnetic flux, cannot be ignored in the FT. The self-induction of the bias magnetic field coil was a serious factor, which directly affected the response time of the FT. Moreover, it directly influenced the technical parameters of the power supply, which could be customized by combining with the tuning speed requirements.
The calculation formula of the coil inductance-containing core is given as
where, N is the coil turns, R S is the equivalent magnetic resistance of the magnetic circuit, G S is the permeance of a magnetic circuit. The self-inductance of the coil should be as small as possible to improve the change rate of the current. The size of the strip-line and the necessary space in the magnet yoke had been determined after the RF design. Due to the lack of a reliable formula to calculate the self-inductance, the simulation was carried out with ANSYS MAXWELL codes to optimize the exact ampere turns in consideration of the working frequency of the biasing magnetic field [19] . Finally, 150 A×25 turns was adopted for each coil, and the total self-inductance of four groups of coils is about 7 mH [17] .
The eddy current of the conductor was the main parameter to influence the response time. To suppress the adverse effects of the eddy currents, the main conductors of the FT such as the magnet yoke, and the inner and outer conductors of the strip-line, need to be optimally designed.
The model is simplified, in fact, and the eddy current is generated due to the electron circular motion around the conductor. Therefore, the density distribution of the eddy current is as follows:
where, ρ is the resistivity of conductive materials for producing the eddy current. First, the design of the yoke can refer to a high-frequency transformer and employ the structure with overlapping silicon steel sheets instead of a block of soft steel, which had been tested in the FT of 300 kW. Each silicon steel sheet is very thin and coated with insulating paint. The eddy currents are restricted within a narrow sheet and much decreased. The eddy-current distribution in the silicon steel sheet is shown in figure 10 . The edge eddy current of the adjacent silicon steel sheet is always equal and opposite, so that it offsets the basic function for the magnetic field.
In addition, due to the large resistivity of the silicon steel, the eddy-current loss is only 1/5-1/4 compared to soft steel. Second, the design of the inner and outer conductors of the strip-line adopts a similar approach for the magnet yoke. There are several slots in the conductors along the direction of the wave propagation. In particular, in the rapidly variable magnetic field, the slotted configuration can not only restrain the eddy-current effects on the changing rate of the magnetic field but remarkably increase the uniformity of the magnetic field.
Test and discussion
The magnetic field measurement is the only way to verify the machining and installation quality of the magnet, and to provide the important reference data of magnetic shimming for improving the magnetic field distribution in the medium plane. At present, based on the magnetic field precision and distribution and measurement cycle, the measurement methods are varied. There are mainly the flux-gate method, electron spin resonance method, electromagnetic induction method, nuclear magnetic resonance method, alternating current (AC) Hall effect method, direct current (DC) Hall effect method, etc. The Hall probe has been adopted as a detector in this design with a six-dimension measurement method and the position signal positioned by grating ruler. At last, the Hall voltage and Hall temperature were collected in the measurement process. The whole measurement process was carried out in order to reduce the error caused by the Hall tremor.
The quality of the biasing magnet is directly related to the working performance of the FT, which affects the stability operation of the ICRF heating system in the EAST. Therefore, in order to verify whether the magnetic field produced by the biasing magnet can meet the design requirements, it is very necessary to measure the magnetic field intensity. Due to the magnetic field precision of ±2×10 −2 , an automatic magnetic measurement system with the SENIS Hall probe had been adopted to measure the magnetic field distribution in the medium plane. There were 11 measuring paths, and the lateral moving step of the Hall probe is 45 mm and the longitudinal moving step is 50 mm.
The measuring arm stops for 3 s at each measurement point and waits for the stable output data. The data collection system the recorded field data automatically. When the system measured the first path, a measuring arm of the system drove the Hall probe by the step motor to the second path.
The test results are shown in figure 11 . The same color dots are on the same testing path. The distribution of test points is uniform and reasonable, keeping the intensity of the magnetic field mainly concentrated in the range of 182.5-200 mT.
The measured response time is shown in figure 12 . The response time reflects the magnet switch time. The red curve is the control voltage signal, and the green curve is the S11 phase. The response time is 3.7 ms. The range of the control voltage signal is from −9 V to 9 V. The S11 phase range is from 22°-124°at a frequency of 40 MHz.
The theoretical simulation results are shown in figure 13 , where the measured magnetic field is completely consistent with the calculated values. It can be concluded, therefore, that the design scheme of the biasing magnet is reasonable and reliable.
Conclusion
Combining theoretical calculation with simulation analysis, this paper has discussed the design of the biasing magnetic circuit and the alternating magnetic circuit in the FT. The design goal of the FT magnetic circuit is that the DC bias magnetic field is 2000 Gs and alternating magnetic field is ±400 Gs. To design the biasing and alternating magnetic circuits, the 3D model was introduced. The type of NdFeB is N30UH with thickness of 30 mm, and the ampere turn of the excitation coil is 25 in the alternating magnetic field. The inductance of the excitation coil is about 7 mH. The influence of the eddy-current effect and magnetic uniformity were analyzed. Finally, through testing of the biasing magnets, the distribution of magnetic intensity has been measured in the medium plane. The result is consistent with the simulation. In a word, it has verified the rationality and reliability of the biasing magnet structural design, which ensures that the EAST-ICRF heating system can provide stable operation. The measured response time is 3.7 ms, which reflects the magnet switch time. The high-power operation test of the FT will be carried out in the EAST 2017 experiment campaign for the construction of the ICRF real-time impedance matching network.
